a2 United States Patent

Yamada et al.

US009304917B2

US 9,304,917 B2
Apr. §5,2016

(10) Patent No.:
(45) Date of Patent:

(54) FLUSH CONTROL APPARATUS, FLUSH
CONTROL METHOD AND CACHE MEMORY
APPARATUS

(71)

(72)

Applicant: NEC Corporation, Tokyo (IP)

Inventors: Yohei Yamada, Tokyo (JP); Yasuo Ishii,
Tokyo (JP)

(73) Assignee: NEC Corporation, Tokyo (IP)

(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by 169 days.

@

(22)

Appl. No.: 14/167,485

Filed: Jan. 29, 2014

(65) Prior Publication Data

US 2014/0223102 Al Aug. 7, 2014

(30) Foreign Application Priority Data

Feb.5,2013  (JP) oo 2013-019992

(51) Int.CL
GOGF 12/08

USS. CL
CPC ... GOGF 12/0808 (2013.01); GOGF 12/0804
(2013.01); GOGF 12/0864 (2013.01); GO6F
2212/301 (2013.01)

(2006.01)
(52)

(58) Field of Classification Search

CPC ............ GOG6F 12/0864; GOGF 12/0846; GO6F
12/0808

USPC ittt 711/128

See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

2012/0246410 A1*  9/2012 Xu .covvviininn GO6F 12/126
711/128
2013/0036270 Al*  2/2013 Dreslinski ........... GO6F 12/0893
711/128

FOREIGN PATENT DOCUMENTS

JP 04-181343 A 6/1992
JP 05-066996 A 3/1993
JP 06-035953 A 2/1994
JP 2001-202286 A 7/2001
JP 2002-063154 A 2/2002
JP 2004-013868 A 1/2004
JP 3757768 B2 3/2006
JP 2010-140306 A 6/2010
OTHER PUBLICATIONS

Nicolaescu et al. (Using a Way Cache to Improve Performance of
Set-Associative Caches, Department of Computer Science, Univer-
sity of Irvine, ISHPC 2005 and ALPS 2006, LNCS 4759, pp. 93-104,
2008).*

* cited by examiner

Primary Examiner — Adam M Queler
Assistant Examiner — Edmund Kwong

(74) Attorney, Agent, or Firm — Wilmer Cutler Pickering
Hale and Dorr LLP

(57) ABSTRACT

A flush control apparatus controls a Set Associative cache
memory apparatus. A flush control apparatus includes: a tag
memory unit associating a tag identifier identifying a tag
which associates a plurality of cache lines and tag informa-
tion representing whether or not the tag is valid. It also
includes a line memory unit, a way specification unit and a
flush unit which flushes the way specified by the way speci-
fication unit.

10 Claims, 10 Drawing Sheets

[ =
1

FLUSH CONTROL APPARATUS

12 ~_IWAY SPECIFICATION
UNIT

14 I

FLUSH UNIT

TAG TAG LINE LINE LINE
INFORMATION | IDENTIFIER INFORQIIATION WAY 1 INFOR;JIATION WAY 2 . INFOR“IATION WAY N
VALID 1 VALID VALID 0 INVALID 3
INVALID 2 INVALID INVALID 3 INVALID 2
VALID 3 VALID INVALID 2 e VALID 1
TAG MEMORY UNIT LINE MEMORY UNIT

[



US 9,304,917 B2

Sheet 1 of 10

Apr. 5, 2016

U.S. Patent

Ll

NOLLONYLSNI
HSN14

LINN AHOW3II 3NIT

LINN AJOWIW DVL

anva Z QIVAN ! anva £ anvA
ANVANI € QrVANI Z QITVANI z QrYANI
QrYANI 0 anva 1 anva ! anva
N ¢ : YIHILNIAL |NOLLYWHOANI
N AYM |NOILYINHOANI Z AVM |NOLLYWHOANI| | AVM |[NOILYWHOANI o o
AN anM INIT
m |
G} pl
1IN
. 1INA HSA NOLLYOIHIO3dS AYM}~ 7|
SNLV4VYddY TOHLNOO HSNT4
nl .
ol ss3™aay L m_ .




U.S. Patent Apr. 5, 2016 Sheet 2 of 10 US 9,304,917 B2

Fig. 2
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Fig. 3
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FLUSH CONTROL APPARATUS, FLUSH
CONTROL METHOD AND CACHE MEMORY
APPARATUS

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2013-019992
filed on Feb. 5, 2013, the disclosure of which is incorporated
herein in its entirety by reference.

TECHNICAL FIELD

The present invention relates to a flush control apparatus
and a cache memory apparatus etc. which make high-speed
processing possible.

BACKGROUND ART

As methods to realize the cache memory apparatus, there
are Direct Mapped, Fully Associative, Set Associative etc. In
a computer system in which, while a plurality of processors
sharing a main memory (main memory apparatus), all or a
part of processors have a cache memory apparatus respec-
tively, it is necessary to pay attention to coherency of data
between the cache memory apparatus and the main memory.

In order to keep the coherency of data, there are: a tech-
nique in which hardware performs control of maintaining
data coherency in the cache memory apparatus and the main
memory, a technique in which software controls access des-
tination addresses and operation of the cache memory appa-
ratus explicitly, a technique in which hardware and software
control operation of the cache memory apparatus in a coor-
dinated manner, etc. By the techniques mentioned above, in
particular, by the technique in which hardware controls
coherency, a user can program without being conscious of the
hardware.

For example, in case a vector processor possessing a struc-
ture as shown in FIG. 11 processes a vector store instruction,
it is necessary that data in a cache memory apparatus 105 of
a scalar processor is consistent with data in a main memory
104. FIG. 11 is a block diagram illustrating a structure which
a general vector processor includes.

The vector processor includes a vector processing unit 100,
a scalar processing unit 102, a memory network 103 and the
main memory 104.

The scalar processing unit 102 performs processing such
as: instruction fetch to read an instruction from the main
memory 104, decode to interpret the instruction, scheduling
to decide a sequence to execute the decoded instructions and
instruction execution to execute the instructions in accor-
dance with the sequence. Further, the scalar processing unit
102 directs to the vector processing unit 100 a load instruction
to read data from the main memory 104, a store instruction to
write data to the main memory 104 and a vector operation
instruction etc.

The vector processing unit 100 includes a vector register
which holds vector data and an arithmetic unit etc. which
process the store instruction and the load instruction etc.
respectively. In accordance with the instructions which the
scalar processing unit 102 directs, the vector processing unit
100 sends and receives data stored to main memory 104 via
the memory network 103.

The memory network 103 transmits data between the sca-
lar processing unit 102 and the vector processing unit 100,
and the main memory 104.

The scalar processing unit 102 includes the cache memory
apparatus 105 which reduces an overhead of reading data
from the main memory 104.
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The cache memory apparatus 105 will be explained with
reference to FIG. 12. FIG. 12 is a block diagram illustrating a
structure of general cache memory apparatus 105 in the vec-
tor processor. The cache memory apparatus 105 includes a
request issue control unit 200, a flush control unit 202 and a
cache unit 201.

The request issue control unit 200, for example, decides a
sequence to executes instructions such as a scalar load
instruction to read an element from the main memory 104 into
the scalar processing unit 102 and a vector store instruction to
write a plurality of elements from the vector processing unit
100 into the main memory 104, and issues the instructions
according to the sequence.

The cache unit 201 includes an address array 210, a data
array 211, a cache hit decision unit 213, and data alignment
214. In the explanation below, it is assumed for convenience
of'explanation that the cache unit 201 is a write through cache
memory apparatus realized by four-way Set Associative.

The data array 211 has the capability to store a copy of data
stored in the main memory 104 by units of cache lines. The
address array 210 has the capability to store an address of a
region storing an original data stored in the data array 211.
The address stored in the address array 210 is associated with
the data stored in the data array 211. The address array 210
has the capability to associate the address of the data stored in
the data array 211 and valid information representing whether
or not the address is valid and store them. In case the address
is valid, the data array 211 associated with the address stores
the data at the address on the main memory 104.

The cache unit 201 decides, by referring to the address
array 210 for the instruction which the request issue control
unit 200 issues, whether or not the data array 211 stores the
data at the address which the instruction accesses.

In a situation to execute a scalar load instruction, in case the
data array 211 stores the data at the address which the instruc-
tion accesses, the cache unit 201 reads the data from the data
array 211 and outputs the data read as read data. In case the
data array 211 does not store the data at the address which the
instruction accesses, the cache unit 201 performs read pro-
cessing to read data from the main memory 104 into the data
array 211.

In a situation to execute a scalar store instruction, in case
the data array 211 stores the data at the address accessed by
the instruction, the cache unit 201 stores the data into the data
array 211.

The flush control unit 202 includes an address calculation
unit 220, a flush address array 222 in an address comparison
unit 221 and a flush direction signal generation unit 223.

The flush address array 222 has the capability to store a
copy of the address data stored in the address array 210.

The address calculation unit 220 calculates an address to
store data in accordance with the vector store instruction
which the request issue control unit 200 sends, and sends the
calculated address to the address comparison unit 221.

Next, the address comparison unit 221 receives the address
and compares the received address and the address stored in
the flush address array 222.

In case the address which the address comparison unit 221
received is the same with the address stored in the flush
address array 222, the flush direction signal generation unit
223 send a signal to invalidate (to flush) a cache line associ-
ated with the address received (hereinafter, shown as “a flush
direction signal 203”) to the cache unit 201. In response to
receiving the flush direction signal 203, the cache unit 201
invalidates the cache line by writing valid information repre-
senting invalid in a state 212.
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On the other hand, in case the data array 211 stores a new
cache line, and in case of invalidating a certain cache line, the
cache unit 201 sends information about the cache line to be
changed to the flush control unit 202.

By the flush direction signal generation unit 223 sending
the flush direction signal 203 to the cache unit 201 in accor-
dance with the vector store instruction to write data into the
main memory, coherency of data is kept.

PTL 1to PTL 3 disclose technologies which control coher-
ency between data in the cache memory apparatus 105 and
data in the main memory 104.

PTL 1 discloses a cache memory apparatus etc. which, ina
computer system including a scalar processor and a vector
processor, reduces performance degradation caused by pro-
cessing to maintain coherency of data.

The cache memory apparatus which PTL 1 discloses
includes, in order to carry out flush processing, a flush address
array which is a copy of an address array. The cache memory
apparatus compares whether or not an address stored in the
flush address array matches an address referred to in a vector
store instruction. In case these addresses match, the cache
memory apparatus sends a signal to direct flush.

PTL 2 discloses a cache memory apparatus which pro-
cesses valid information representing whether or not a flush
address array is valid at high speed.

In order to process at high speed, the cache memory appa-
ratus disclosed in PTL 2 stores the valid information men-
tioned above and includes a memory means capable to carry
out read process and write process in 1 machine cycle.

PTL 3 discloses a cache memory control system which has
the capability to reduce a required hardware volume of an
address array.

In the cache memory control system which PTL 3 dis-
closes, flush processing is performed in units of blocks which
gathered a plurality of cache lines. That is, in accordance with
update processing of data stored in a main memory, all cache
lines in a block containing a cache line possessing a copy of
data of the main memory updated by the update processing
are flushed.

CITATION LIST
Patent Literature

[PTL 1] Japanese Patent Publication No. 3757768

[PTL 2] Japanese Unexamined Patent Application Publi-
cation No. 1992 (H 04)-181343

[PTL 3] Japanese Unexamined Patent Application Publi-
cation No. 1993 (H 05)-066996

SUMMARY OF INVENTION
Technical Problem

However, in the cache memory apparatus which PTL 1 and
PLT 2 disclose, in order to realize high-speed processing, it is
necessary to raise a degree of parallelism of the processing to
compare the address arrays, and therefore, to increase the
number of duplicated flush address array or read ports. As a
result, there is a problem in the technologies described in
PTLs 1 and 2 that, with an increase of the degree of parallel-
ism, circuit volume ofthe cache memory apparatus increases.

Also, the cache memory apparatus which PTL 3 discloses,
since it performs processing in units of the block unit which
gathered a plurality of address arrays, has the capability to
flush a plurality of cache lines at one time. However, since the
cache memory apparatus does not have the capability to con-
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trol a way which is indispensable in Set Associative, there is
a problem that it cannot be applied to Set Associative.

One object of the present invention is to provide a flush
control apparatus etc. which controls a Set Associative cache
memory apparatus efficiently.

SUMMARY

In order to achieve the object mentioned above, the flush
control apparatus according to the present invention is char-
acterized by including the following structure.

That is, the flush control apparatus according to the present
invention is characterized by including:

a line memory unit configured to store information which
associates line information representing whether or not a first
cache line in the plurality of cache lines associated with the
tag is valid and a way information identifying a location
storing the first cache line in accordance with a predetermined
format;

a way specification unit configured to calculate a first tag
identifier and a first address identifying the cache line includ-
ing the address(es) respectively from one or more addresses
for flushing and in accordance with a predetermined calcula-
tion method and search a specific tag identifier matching the
first tag identifier in the tag memory unit,

in case the specific tag identifier is found, read whether or
not the tag information associated with the specific tag iden-
tifier indicates valid,

in case the tag information stored in the tag memory unit
indicates valid, read the line information associated with a
plurality of second cache lines at an entry of the specific tag
and the way information at an entry of the specific tag iden-
tifier respectively, and among the plurality of second cache
lines, search a specific cache line, of which the line informa-
tion indicates valid, contained in the first address, and send
way information identifying the specific way storing the spe-
cific cache line; and

a flush unit configured to receive the way information
identifying the specific way and direct to flush the specific
way among the ways storing the specific cache line.

Also, as another aspect of the present invention, a flush
control method according to the present invention is charac-
terized by:

calculating a first tag identifier and a first address identify-
ing the cache line including the address(es) respectively from
one or more addresses for flushing and in accordance with a
predetermined calculation method and searching a specific
tag identifier matching the first tag identifier in the tag
memory unit,

in case the specific tag identifier is found, reading whether
or not the tag information associated with the specific tag
identifier indicates valid,

in case the tag information stored in the tag memory unit
indicates valid, reading the line information associated with a
plurality of second cache lines at an entry of the specific tag
and the way information at an entry of the specific tag iden-
tifier respectively, and among the plurality of second cache
lines, searching a specific cache line, of which the line infor-
mation indicates valid, contained in the first address, and send
way information identifying the specific way storing the spe-
cific cache line, and

receiving the way information identifying the specific way
and direct to flush the specific way among the ways storing
the specific cache line.
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According to the flush control apparatus etc. according to
the present invention, the Set Associative cache memory
apparatus having the capability to be controlled efficiently.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary features and advantages of the present inven-
tion will become apparent from the following detailed
description when taken with the accompanying drawings in
which:

FIG. 1is ablock diagram showing a structure which a flush
control apparatus according to a first exemplary embodiment
of the present invention includes;

FIG. 2 is a flow chart showing a flow of processing in a
flush control apparatus according to the first exemplary
embodiment;

FIG. 3 is a figure illustrating conceptually an example of a
tag and a cache line;

FIG. 4 is a figure illustrating conceptually an example of
data capable of storing in a tag memory unit and a line
memory unit according to the first exemplary embodiment;

FIG. 5 is ablock diagram showing a structure which a flush
control apparatus according to a second exemplary embodi-
ment of the present invention includes;

FIG. 6 is a flow chart showing a flow of processing in a
flush control apparatus according to the second exemplary
embodiment;

FIG. 7 is ablock diagram showing a structure which a flush
control apparatus according to a third exemplary embodiment
of the present invention includes;

FIG. 8 is a flow chart showing a flow of processing in a
flush control apparatus according to the third exemplary
embodiment;

FIG. 9 is a block diagram showing a structure which a flush
control apparatus according to a fourth exemplary embodi-
ment of the present invention includes;

FIG. 10 is a flow chart showing a flow of processing in a
flush control apparatus according to a fourth exemplary
embodiment;

FIG. 11 is a block diagram illustrating a structure which a
general vector processor includes; and

FIG. 12 is a block diagram illustrating a structure which a
general cache memory apparatus includes in a vector proces-
sor.

EXEMPLARY EMBODIMENT

Next, exemplary embodiments which carry out the present
invention will be explained in detail with reference to draw-
ings.

First Exemplary Embodiment

A structure which a flush control apparatus 11 according to
a first exemplary embodiment of the present invention
includes and processing performed by the flush control appa-
ratus 11 will be explained in detail with reference to FIGS. 1
and 2. FI1G. 1 is a block diagram showing a structure which the
flush control apparatus 11 according to the first exemplary
embodiment of the present invention includes. FIG. 2 is a flow
chart showing a flow of processing in the flush control appa-
ratus 11 according to the first exemplary embodiment.

The flush control apparatus 11 according to the first exem-
plary embodiment includes a way specification unit 12, a
flush unit 13, a tag memory unit 14 and a line memory unit 15.

The tag memory unit 14 has the capability to associate a tag
identifier which identifies a tag associated with a plurality of
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cache lines and tag information which shows whether or not
the tag identifier is valid, and store them.

The line memory unit 15 has the capability to associate line
information which shows whether or not a cache line is valid
in a data array (not shown, for example, refer to FIG. 12) and
in case the line information is valid, information about a way
(hereinafter shown as “way information”) which indicates an
areain the data array, and store them. The line memory unit 15
associates information about a plurality of cache lines asso-
ciated with a tag to an area in the tag memory unit 14 storing
the tag identifier representing the tag and store them.

The line memory unit 15 stores information representing a
state of a cache line associated with a tag in accordance with
apredetermined format. For example, the predetermined for-
mat is such as; a format which arranges in ascending order of
addresses which identify a cache line, a format which
arranges in descending order of addresses, or a format which
holds line information and a way information in a form they
are encoded all together.

Also, as an example of the form for encoding, there is a
form which, for a cache memory apparatus which adopts Set
Associative of three ways, for example, expresses the line
information and the way as one number using 2 bits.

By identifying the way using 2 bits, it is possible to desig-
nate four ways. On the other hand, the cache memory appa-
ratus in the example mentioned above includes only three
ways. In case a value expressed by 2 bits indicates the way
which does not exist in the cache memory apparatus, it is
assumed that the value represents “a state that line informa-
tion is invalid”.

For example, it is a form assuming that: in case the value
after encoding is 2b11 (“2b” shows that it is 2 bits in case
expressed in bits and it is transcribed based on a binary
notation), it represents that the line information is invalid, and
in case of other values, it represents that the line information
is valid and the value of 2 bits after encoding is the way.

Although it has been explained using an example of the
cache memory apparatus possessing three ways and the line
information possessing 2 bits, the predetermined format is not
limited to the example mentioned above.

It is assumed that an entry shows an area where an area in
the tag memory unit 14 and an area in the line memory unit 15
are associated. That is, “an entry of a specific tag in the line
memory unit 15 shows an area in the line memory unit 15
which is associated with an area where the tag identifier is the
specific tag in the tag memory unit 14.

For example, in an example shown in FIG. 1, the tag
memory unit 14 has the capability to associate a first tag of
which a tag identifier is 1 and tag information which shows
that the first tag is valid, and store them (second line in the tag
memory unit 14). Further, the line memory unit 15 has the
capability to, for a plurality of cache lines associated with the
first tag, associate line information about the respective cache
lines and way information, and store them (second line in the
line memory unit 15). In this case, the entry shows the second
line in the tag memory unit 14 and the second line in the line
memory unit 15.

That is, in the example shown in FIG. 1, for example, a
memory area of N-th line (N is a positive integer. For
example,Nis1,2,...)inthe tagmemory unit 14 is associated
with a memory area of N-th line in the line memory unit 15.
In this case, N-th entry shows the N-th line in the tag memory
unit 14 and the N-th line in the line memory unit 15. In order
to explain in a simpler way, in the explanation of this exem-
plary embodiment, it is supposed that association is made as
mentioned above. However, this exemplary embodiment is
not limited to the example mentioned above.
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Further, in order to explain concisely, this exemplary
embodiment will be explained with reference to a following
example.

An address in the main memory is in units of 1 byte and is
transcribed in 48 bits.

Size of each cacheline is 256 bytes. That is, each cache line
is capable of storing 256 elements of which addresses suc-
ceed in the main memory.

An address of the cache line is identified by 40 bits of
higher order out of 48 bits representing the address in the
main memory (40=48 bits-8 bits (correspond to 256 of datain
the cache line)) and is transcribed in 48 bits with lower order
8 bits of the address being made 0.

A tag identifier is 32 bits of higher order out of 48 bits
representing the address of the cache line. That is, each tag is
associated with 256 cache lines having a common tag iden-
tifier.

The cache memory apparatus adopts four-way Set Asso-
ciative.

Although this exemplary embodiment is explained using
the example as above, this exemplary embodiment is not
limited to the example mentioned above. It is also similar in
each exemplary embodiment of the present invention.

The tag and the cache line will be explained with reference
to an example which FIG. 3 shows. FIG. 3 is a figure illus-
trating an example of the tag and the cache line conceptually.
For example, the cache line of “address 48h000100000000”
(“48h” shows that it is 48 bits in case expressed in bits and, it
is transcribed based on hexadecimal notation) is associated
with data whose address in the main memory is between
“48h000100000000” and “48h0001000000FF”.

Further, “tag 32h00010000” (“32h” shows that it is 32 bits
in case expressed in bits and it is transcribed based on hexa-
decimal notation) is associated with the cache lines between
“address 48h000100000000” and “address
48h00010000FF00”. For example, the line memory unit 15
associates to an entry of “tag 32h00010000” line information
about the respective cache lines between “address
48h000100000000” and “address 48h00010000FF00” and
ways in accordance with a predetermined format, and stores
them.

Further, the line information, the way information, the tag
information etc. will be explained in detail with reference to
FIG. 4. FIG. 4 is a figure illustrating conceptually an example
of data which has the capability to store the tag memory unit
14 and the line memory unit 15 according to the first exem-
plary embodiment.

For example, in an example shown in FIG. 4, the tag
memory unit 14 associates “tag 32h00010000” and “tag
information 1” representing that the tag is valid, and stores
them. The line memory unit 15 associates to the entry of “tag
32h00010000” line information about the cache lines
between “address 48h000100000000” and “address
48h00010000FF00” and way information about a way in
accordance with a predetermined format, and stores them.
For example, in case the predetermined format is a format
which arranges in ascending order of addresses of the cache
line, the line memory unit 15 stores the way information and
the line information associated with the cache line of “address
48h000100000N00” (N is a hexadecimal number of 1 digit)
in an area corresponding to N-th from the left.

In the example shown in FIG. 4, since the cache line of
“address 48h000100000000” is associated with “line infor-
mation 07, the cache memory apparatus does not store the
cache line. Since the cache line of “address
48h000100000100” is associated with “line information 17
and “way 2” (that is, “10” in binary number), the cache
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8
memory apparatus stores data in the cache line in “way 2”.
Similarly, since the cache line of “address

48h000100000200” is associated with “line information 17
and “way 0” (that is, “00” in binary number), the cache
memory apparatus stores data in the cache line in “way 0.

Next, a flow of processing in the cache flush equipment
shown in FIG. 1 will be explained with reference to FIG. 2.
First, the way specification unit 12 received a plurality of
addresses 16. The specification unit 12 calculates an address
of a cache line containing one of the addresses 16 and calcu-
lates a tag identifier associated with the cache line according
to a predetermined calculation method. The specification unit
12 calculates the each of the addresses and each of the tag
identifiers from a plurality of addresses 16 according to a
predetermined calculation method (Step S21). For example,
as the predetermined calculation method, there is a method
such as to calculate the address of the cache line and the tag
identifier associated with the cache line from higher order bits
of the address 16.

For example, it is assumed that the way specification unit
12  received “address 48h000100000008”, “address
48h000100000108” and “address 48h000100000208”. In
that case, the way specification unit 12 calculates “address
48h000100000000” which is the address of the cache line and
“tag 32h00010000” from “address 481000100000008”.

Similarly, the way specification unit 12 calculates “address
48h000100000100” which is the address of the cache line and
“tag 32h00010000” from “address 48h000100000108”. Fur-
ther, the way specification unit 12 calculates “address
48h000100000200” which is the address of the cache line and
“tag 32h00010000” from “address 481000100000208”.

In the example mentioned above, the cache lines contain-
ing the received addresses are different from each other. How-
ever, the tags containing the cache lines are common in either
address mentioned above.

Next, in the tag memory unit 14, the way specification unit
12 searches a tag identifier which is the same with the calcu-
lated tag identifier (Step S22). In case the same tag identifier
exists (decided YES in Step S22), the way specification unit
12 reads tag information associated with the tag identifier
from the tag memory unit 14, and decides whether or not the
tag information is valid (Step S23). In case the same tag
identifier does not exist (decided NO in Step S22), and in case
the tag information is not valid (decided NO in Step S23), the
flush unit 13 sends a signal representing “not applicable”
(Step S27). In case the tag information is valid (decided YES
in Step S23), the way specification unit 12 reads line infor-
mation and way information about a plurality of cache lines at
one time from the entry of the tag in the line memory unit 15
(Step S24).

Next, in case it is decided that read line information is valid
and read way information represents a specific way (i.e. the
read way information identifies a way included in a set asso-
ciative cache memory as explained above by referring to the
example of three-ways set associative cache memory appa-
ratus), the way specification unit 12 sends the way informa-
tion to the flush unit 13 (Step S25).

The flush unit 13 directs, in the received way information,
a flush instruction 17 which flushes an area of the data array
corresponding to the address which is calculated from the
received addresses to the cache memory apparatus (Step
S26).

For example, in the example which FIG. 4 shows, the way
specification unit 12 searches “tag 32h00010000” from the
tag memory unit 14 and reads “tag information 1” associated
with the tag identifier. That is, the way specification unit 12
decides that “tag 32h00010000” is valid.
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Next, the way specification unit 12 reads from the line
memory unit 15 line information and a way information
which are associated with cache lines between “address
48h000100000000” and “address 48h00010000FF00” asso-
ciated with “tag 32h00010000” respectively.

For example, the way specification unit 12 reads that the
cache line of “address 48h000100000100 is valid in “way
27, that the cache line of “address 48h000100000200” is valid
in “way 0” etc., and sends read information about ways to the
flush unit 13.

Next, in response to receiving the way information, the
flush unit 13 directs the instruction which flushes, among the
area of the data array capable of storing the cache line of
“address 48h000100000100”, “way 2” to the cache memory
apparatus. As well, the flush unit 13 directs the instruction
which flushes, among the area of the data array capable of
storing the cache line of “address 48h000100000200”, “way
0” to the cache memory apparatus.

The apparatus described in PTLs 1 to 3 does not have the
capability to control the cache memory apparatus which
adopt Set Associative at high speed. The reason is, in the
cache memory apparatus which adopt Set Associative, since
a plurality of ways capable of storing the cache lines exists,
ways to flush does not have the capability to be designated.

On the other hand, according to this exemplary embodi-
ment, since the line memory unit 15 associates way informa-
tion about the ways which store the cache line and stores
them, it is possible to specify the way storing the cache line to
flush.

That is, according to the flush control apparatus according
to the first exemplary embodiment, cache memory of Set
Associative is capable of being controlled efficiently.

Second Exemplary Embodiment

Next, a second exemplary embodiment on the basis of the
first exemplary embodiment mentioned above will be
explained

In the following explanation, a characteristic part accord-
ing to this exemplary embodiment will be explained mainly,
and similar structures as the first exemplary embodiment
mentioned above are attached the identical reference num-
bers and overlapping explanation will be omitted.

A structure which a flush control apparatus 51 according to
the second exemplary embodiment of the present invention
includes and processing performed by the flush control appa-
ratus 51 will be explained with reference to FIGS. 5 and 6.
FIG. 5 is a block diagram showing a structure which the flush
control apparatus 51 according to the second exemplary
embodiment of the present invention includes. FIG. 6 is a flow
chart showing a flow of processing in the flush control appa-
ratus 51 according to the second exemplary embodiment.

The flush control apparatus 51 according to this exemplary
embodiment includes further, in addition to the first exem-
plary embodiment, an update unit 52 which updates data in
the tag memory unit 14 and the line memory unit 15.

According to the processing which stores the cache line in
the address array and the data array, the cache unit (not shown,
for example, refer to FIG. 12) notifies the flush control appa-
ratus 51 according to this exemplary embodiment of the
address 16 and the way information to store the cache line.

The update unit 52 receives the address 16 and the way
information, and calculates a tag identifier based on a prede-
termined calculation method from the received address 16
(Step S61). Next, the update unit 52 decides whether or not a

10

25

30

35

40

45

55

10

tag identifier exists which is the same with the tag identifier
calculated in the tag memory unit 14 and tag information is
valid (Step S62).

In case the tag memory unit 14 stores the valid tag identifier
(decided YES in Step S62), the update unit 52, at the entry of
the tag identifier in the line memory unit 15, as well as stores
the received way information in a region which is associated
with the cache line containing the received address, makes the
line information which is associated with the cache line valid
(Step S66).

In case the tag memory unit 14 does not store the valid tag
identifier (decided NO in Step S62), the update unit 52
searches, in the tag memory unit 14, a tag identifier where the
tag information is associated with being invalid (Step S63).

In case the tag identifier where the tag information is asso-
ciated with being invalid does not exist in the tag memory unit
14, (decided NO in Step S63), the update unit 52 selects a tag
identifier based on a predetermined selection method, and as
well as directs the flush instruction 17 which flushes all of a
plurality of cache lines which are associated with the tag
possessing the selected tag identifier, invalidates all of the line
information which is associated with each cache line to flush
(Step S64).

For example, the predetermined selection method is, such
as: a method to select at random or a method to select the tag
identifier which is referred least. This exemplary embodiment
is not limited to the predetermined selection methods exem-
plified.

After that, the update unit 52, in the tag memory unit 14 and
in the area which stores the tag identifier associated with the
cache lines flushed, as well as stores the calculated tag iden-
tifier of the tag, makes the tag information associated with the
tag identifier valid (Step S65). As well, the update unit 52, as
well as stores the received way information in a region which
is associated with the cache line in accordance with the pre-
determined format, makes the line information associated
with the cache line valid (Step S66).

In case the tag identifier where the tag information is asso-
ciated with being invalid exists in the tag memory unit 14
(decided YES in Step S63), the update unit 52 performs the
similar processing as the one after flush processing men-
tioned above in the area which stores the invalid tag informa-
tion (Step S65 and Step S66).

Since the second exemplary embodiment contains the
similar structures as the first exemplary embodiment, it is
capable of controlling cache memory of Set Associative effi-
ciently.

Further, according to the second exemplary embodiment,
since the cache unit performs update in response to storing the
cache line in the address array and the data array, it enables
processing time to be reduced further.

Third Exemplary Embodiment

Next, a third exemplary embodiment on the basis of the
first exemplary embodiment mentioned above will be
explained.

In the following explanation, a characteristic part accord-
ing to this exemplary embodiment will be explained mainly
and similar structures as the first exemplary embodiment
mentioned above are attached the identical reference num-
bers and overlapping explanation will be omitted.

A structure which a flush control apparatus 71 according to
the third exemplary embodiment of the present invention
includes and processing which performed by the flush control
apparatus 71 will be explained with reference to FIG. 7 and
FIG. 8. FIG. 7 is a block diagram showing a structure which
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the flush control apparatus 71 according to the third exem-
plary embodiment of the present invention includes. FIG. 8 is
a flow chart showing a flow of processing in the flush control
apparatus 71 according to the third exemplary embodiment.

The flush control apparatus 71 according to this exemplary
embodiment includes further, in addition to the first exem-
plary embodiment, an invalidation unit 72 which invalidates
tag information in the tag memory unit 14.

In response to flushing the cache line from the address
array and the data array, the cache unit (not shown, for
example, refer to FIG. 12) notifies the flush control apparatus
71 according to this exemplary embodiment of the address 16
flushed and the way information.

The invalidation unit 72 receives the address 16 and the
way information, and calculates a tag identifier based on a
predetermined calculation method from the received address
16 (Step S81). Next, at an entry of the tag identifier in the line
memory unit 15, the invalidation unit 72 invalidates the line
information which is associated with the cache line contain-
ing the received address 16 (Step S82).

Since the third exemplary embodiment contains the similar
structures as the first exemplary embodiment, it is capable of
controlling cache memory of Set Associative efficiently.

Further, according to the third exemplary embodiment,
since the cache unit performs update in response to flushing
the cache line in the address array and the data array, it enables
processing time to be reduced further.

Fourth Exemplary Embodiment

Next, a fourth exemplary embodiment on the basis of the
first exemplary embodiment mentioned above will be
explained.

In the following explanation, a characteristic part accord-
ing to this exemplary embodiment will be explained mainly
and, similar structures as the first exemplary embodiment
mentioned above are attached the identical reference num-
bers and overlapping explanation will be omitted.

A structure which a flush control apparatus 91 according to
the fourth exemplary embodiment of the present invention
includes and processing performed by the flush control appa-
ratus 91 will be explained with reference to FIG. 9 and FIG.
10. FIG. 9 is a block diagram showing a structure which the
flush control apparatus 91 according to the fourth exemplary
embodiment of the present invention includes. FIG. 10 is a
flow chart showing a flow of processing in the flush control
apparatus 91 according to the fourth exemplary embodiment.

The flush control apparatus 91 according to this exemplary
embodiment includes further, in addition to the first exem-
plary embodiment, an address calculation unit 92 which cal-
culates an address to store data in accordance with a vector
store instruction.

In general, the vector store instruction refers to values
about a base address which becomes a starting point of
addresses to store data, distance which shows interval of the
addresses, and vector length.

Here, suppose that the vector store instruction stores data
with 8 byte length at each address which “Base”, “Base+
Dist”, “Base+Distx2”, . . ., “Base+Distx(VL—-1)" (‘x’ shows
multiplication.) indicate (provided that Base shows the base
address, Dist shows the distance, and VL shows the vector
length). Further it is assumed that the vector store instruction
of which the base address is “48h000100000008”, the dis-
tance is “48h000000000100”, and VL is “3” is executed.

The address calculation unit 92 receives the vector store
instruction and calculates an address to store data (Step
S101). That is, the address calculation unit 92 calculates the
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address mentioned above on the basis of the base address, the
distance and the vector length.

For example, the address calculation unit 92 calculates as
the addresses to store data, <“48h000100000008”,
“48h000100000108” and “48h000100000208”. Next, the
address calculation unit 92 sends the calculated addresses to
the way specification unit 12.

The way specification unit 12 receives the addresses, and
performs processing such as mentioned above (Step S102)
based on the received addresses.

Since the fourth exemplary embodiment contains the simi-
lar structures as the first exemplary embodiment, it is capable
of controlling cache memory of Set Associative efficiently.

Further, according to the fourth exemplary embodiment,
since the address calculation unit 92 calculates the address to
store data in accordance with the vector store instruction, the
flush control apparatus 91 does not always need to receive all
of the addresses to flush. As a result, it enables time for
accessing each other to be reduced further.

Although the exemplary embodiments have been
explained by the examples mentioned above, the exemplary
embodiments are not limited to the examples mentioned
above.

A part or all of each exemplary embodiment mentioned
above can also be described as the following supplementary
notes. However, the present invention which has been
explained exemplarily by each exemplary embodiment men-
tioned above is not limited to the followings.

(Supplementary Note 1)

A flush control apparatus including:

a tag memory unit configured to store information which
associates a tag identifier identifying a tag which associates a
plurality of cache lines and tag information representing
whether or not the tag is valid;

a line memory unit configured to store information which
associates line information representing whether or not a first
cache line in the plurality of cache lines associated with the
tag is valid and a way information identifying a location
storing the first cache line in accordance with a predetermined
format;

a way specification unit configured to calculate a first tag
identifier and a first address identifying the cache line includ-
ing the address(es) respectively from one or more addresses
for flushing and in accordance with a predetermined calcula-
tion method and search a specific tag identifier matching the
first tag identifier in the tag memory unit,

in case the specific tag identifier is found, read whether or
not the tag information associated with the specific tag iden-
tifier indicates valid,

in case the tag information stored in the tag memory unit
indicates valid, read the line information associated with a
plurality of second cache lines at an entry of the specific tag
and the way information at an entry of the specific tag iden-
tifier respectively, and among the plurality of second cache
lines, search a specific cache line, of which the line informa-
tion indicates valid, contained in the first address, and send
way information identifying the specific way storing the spe-
cific cache line; and

a flush unit configured to receive the way information
identifying the specific way and direct to flush the specific
way among the ways storing the specific cache line.

(Supplementary Note 2)

The flush control apparatus described in supplementary
note 1 further including:

an update unit configured to calculate the tag identifier
based on the predetermined calculation method in response to
storing the cache line and from the one or more addresses for
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flushing and determine whether or not a second tag identifier
matching the calculated tag identifier and of which the tag
information associated with the tag identifier indicating valid
are stored in the tag memory unit;

in case the second tag identifier of which the tag informa-
tion indicating valid is not found among the tag identifiers
stored in the tag memory unit, select a specific tag identifier
on the basis of a predetermined selection method, and in case
the tag information associated with the specific tag identifier
is valid, direct to flush the cache line associated with the tag
possessing the specific tag identifier, invalidate the line infor-
mation associated with the cache line to flush, and store
information associating the calculated tag identifier and the
tag information representing being valid at the entry storing
the specific tag identifier in the tag memory unit, at the entry
of'the specific tag identifier in the line memory unit and store
information associating the received way and a value of
which the line information is valid in accordance with the
predetermined format; and

in case the second tag identifier of which the tag informa-
tion is valid is found, store the received way in the way
associated with the cache line containing the received address
atthe entry ofthe second tag identifier in the line memory unit
and validate the line information associated with the cache
line.

(Supplementary Note 3)

The flush control apparatus described in supplementary
note 1 or supplementary note 2 further including: an invali-
dation unit configured to calculate, in response to flushing the
cache line, a third tag identifier in accordance with the pre-
determined calculation method on the basis on the received
address and invalidate the line information associated with
the cache line at the entry of the third tag identifier in the line
memory unit.

(Supplementary Note 4)

The flush control apparatus described in either one of
supplementary note 1 to supplementary note 3 further includ-
ing: an address calculation unit configured to calculate the
address to store data in accordance with a vector store instruc-
tion, wherein

the way specification unit sends the specific way based on
the address which the address calculation unit calculates.

(Supplementary Note 5)

The flush control apparatus described in either one of
supplementary note 1 to supplementary note 4, wherein the
predetermined calculation method is processing which
divides a value at the address into the tag, the cache line and
the address in the cache line.

(Supplementary Note 6)

The flush control apparatus described in either one of
supplementary note 1 to supplementary note 5, wherein the
predetermined format is a format which arranges in ascend-
ing order of values of the address identifying the cache line.

(Supplementary Note 7)

The flush control apparatus described in either one of
supplementary note 1 to supplementary note 6, wherein the
predetermined format is a format representing the line infor-
mation and the way as one value and arranges the value in
ascending order of the values of the address identifying the
cache line.

(Supplementary Note 8)

A cache memory apparatus possessing the flush control
apparatus described in either one of supplementary note 1 to
supplementary note 7.

(Supplementary Note 9)

A flush control method including: in a cache control appa-
ratus comprising:
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a tag memory unit storing information which associates a
tag identifier identifying a tag which associates a plurality of
cache lines and tag information representing whether or not
the tag is valid; and

a line memory unit storing information which associates
line information representing whether or not a first cache line
in the plurality of cache lines associated with the tag is valid
and a way information identifying a location storing the first
cache line in accordance with a predetermined format;

calculating a first tag identifier and a first address identify-
ing the cache line including the address(es) respectively from
one or more addresses for flushing and in accordance with a
predetermined calculation method and searching a specific
tag identifier matching the first tag identifier in the tag
memory unit,

in case the specific tag identifier is found, reading whether
or not the tag information associated with the specific tag
identifier indicates valid,

in case the tag information stored in the tag memory unit
indicates valid, reading the line information associated with a
plurality of second cache lines at an entry of the specific tag
and the way information at an entry of the specific tag iden-
tifier respectively, and among the plurality of second cache
lines, searching a specific cache line, of which the line infor-
mation indicates valid, contained in the first address, and send
way information identifying the specific way storing the spe-
cific cache line, and

receiving the way information identifying the specific way
and direct to flush the specific way among the ways storing
the specific cache line.

(Supplementary Note 10)

The flush control method described in supplementary note
9 including: calculating the tag identifier based on the prede-
termined calculation method in response to storing the cache
line and from the one or more addresses for flushing and
determining whether or not a second tag identifier matching
the calculated tag identifier and of which the tag information
associated with the tag identifier indicating valid are stored in
the tag memory unit, exists,

in case the second tag identifier of which the tag informa-
tion indicating valid is not found among the tag identifiers
stored in the tag memory unit, selecting a specific tag identi-
fier on the basis of a predetermined selection method, and in
case the tag information associated with the specific tag iden-
tifier is valid, directing to flush the cache line associated with
the tag possessing the specific tag identifier, invalidate the line
information associated with the cache line to flush, and stor-
ing information associating the calculated tag identifier and
the tag information representing being valid at the entry stor-
ing the specific tag identifier in the tag memory unit, at the
entry of the specific tag identifier in the line memory unit and
store information associating the received way and a value of
which the line information is valid in accordance with the
predetermined format, and

in case the second tag identifier of which the tag informa-
tion is valid is found, store the received way in the way
associated with the cache line containing the received address
atthe entry of'the second tag identifier in the line memory unit
and validate the line information associated with the cache
line.

(Supplementary Note 11)

The flush control method described in supplementary note
9 or supplementary note 10 further including: calculating a
third tag identifier in accordance with the predetermined cal-
culation method in responding to flushing the cache line and
from the received address, and invalidating the line informa-
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tion associated with the cache line at the entry of the third tag
identifier in the line memory unit.

(Supplementary Note 12)

The flush control method described in either one of supple-
mentary note 9 to supplementary note 11 further including:
calculating the address to store data in accordance with a
vector store instruction and sending the specific way on the
basis of the address.

(Supplementary Note 13)

The flush control method described in either one of supple-
mentary note 9 to supplementary note 12, wherein the prede-
termined calculation method is processing for dividing a
value at the address into the tag, the cache line and the address
in the cache line.

(Supplementary Note 14)

The flush control method described in either one of supple-
mentary note 9 to supplementary note 13, wherein the prede-
termined format is a format which arranges in ascending
order of values of the address identifying the cache line.

(Supplementary Note 15)

The flush control method described in either one of supple-
mentary note 9 to supplementary note 14, wherein the prede-
termined format is a format representing the line information
and the way as one value and arranges the value in ascending
order of the values of the address identifying the cache line.

The previous description of embodiments is provided to
enable a person skilled in the art to make and use the present
invention. Moreover, various modifications to these exem-
plary embodiments will be readily apparent to those skilled in
the art, and the generic principles and specific examples
defined herein may be applied to other embodiments without
theuse of inventive faculty. Therefore, the present invention is
not intended to be limited to the exemplary embodiments
described herein but is to be accorded the widest scope as
defined by the limitations of the claims and equivalents.

Further, it is noted that the inventor’s intent is to retain all
equivalents of the claimed invention even if the claims are
amended during prosecution.

The invention claimed is:

1. A flush control apparatus comprising:

a tag memory unit configured to store information which
associates a tag identifier identifying a tag which asso-
ciates a plurality of cache lines and tag information
representing whether or not the tag is valid;

a line memory unit configured to store information which
associates line information representing whether ornota
first cache line in the plurality of cache lines associated
with the tag is valid and a way information identifying a
location storing the first cache line in accordance with a
predetermined format;

a way specification unit configured to calculate a first tag
identifier and a first address identifying the cache line
including the address(es) respectively from one or more
addresses for flushing and in accordance with a prede-
termined calculation method and search a specific tag
identifier matching the first tag identifier in the tag
memory unit,

in case the specific tag identifier is found, read whether or
not the tag information associated with the specific tag
identifier indicates valid,

in case the tag information stored in the tag memory unit
indicates valid, read the line information associated with
a plurality of second cache lines at an entry of the spe-
cific tag and the way information at an entry of the
specific tag identifier respectively, and among the plu-
rality of second cache lines, search a specific cache line,
of which the line information indicates valid, contained
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in the first address, and send way information identify-
ing the specific way storing the specific cache line; and

a flush unit configured to receive the way information

identifying the specific way and directs to flush the spe-
cific way among the ways storing the specific cache line.

2. The flush control apparatus according to claim 1 further
comprising:

an update unit configured to calculates the tag identifier

based on the predetermined calculation method in
response to storing the cache line and from the one or
more addresses for flushing and determines, in the tag
memory unit, whether or not a second tag identifier
matching the calculated tag identifier and of which the
tag information associated with the tag identifier indi-
cating valid are stored in the tag memory unit;

in case the second tag identifier of which the tag informa-

tion indicating valid is not found among the tag identi-
fiers stored in the tag memory unit, select a specific tag
identifier on the basis of a predetermined selection
method, and in case the tag information associated with
the specific tag identifier is valid, direction to flush the
cache line associated with the tag possessing the specific
tag identifier, invalidate the line information associated
with the cache line to flush, and store information asso-
ciating the calculated tag identifier and the tag informa-
tion representing being valid at the entry storing the
specific tag identifier in the tag memory unit, at the entry
of the specific tag identifier in the line memory unit and
store information, associating the received way and a
value of which the line information is valid in accor-
dance with the predetermined format; and

in case the second tag identifier of which the tag informa-

tion is valid is found, stores the received way in the way
associated with the cache line containing the received
address at the entry of the second tag identifier in the line
memory unit and validates the line information associ-
ated with the cache line.

3. The flush control apparatus according to claim 1 further
comprising:

an invalidation unit configured to calculates, in response to

flushing the cache line, a third tag identifier in accor-
dance with the predetermined calculation method on the
basis on the received address and invalidates the line
information associated with the cache line at the entry of
the third tag identifier in the line memory unit.

4. The flush control apparatus according to claim 1 further
comprising:

an address calculation unit configured to calculates the

address to store data in accordance with a vector store
instruction, wherein

the way specification unit sends the specific way based on

the address which the address calculation unit calcu-
lates.

5. The flush control apparatus according to claim 1,
wherein the predetermined calculation method is processing
which divides a value at the address into the tag, the cache line
and the address in the cache line.

6. The flush control apparatus according to claim 1,
wherein the predetermined format is a format which arranges
in ascending order of values of the address identifying the
cache line.

7. The flush control apparatus according to claim 1,
wherein the predetermined format is a format representing
the line information and the way as one value and arranges the
value in ascending order of the values of the address identi-
fying the cache line.
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8. A cache memory apparatus comprising the flush control

apparatus according to claim 1.

9. A flush control method comprising: in a cache control

apparatus comprising:

a tag memory unit storing information which associates a
tag identifier identifying a tag which associates a plural-
ity of cache lines and tag information representing
whether or not the tag is valid; and

a line memory unit storing information which associates
line information representing whether or not a first cache
line in the plurality of cache lines associated with the tag
is valid and a way information identifying a location
storing the first cache line in accordance with a prede-
termined format;

calculating a first tag identifier and a first address identify-
ing the cache line including the address(es) respectively
from one or more addresses for flushing and in accor-
dance with a predetermined calculation method and
searching a specific tag identifier matching the first tag
identifier in the tag memory unit,

in case the specific tag identifier is found, reading whether
or not the tag information associated with the specific
tag identifier indicates valid,

in case the tag information stored in the tag memory unit
indicates valid, reading the line information associated
with a plurality of second cache lines at an entry of the
specific tag and the way information at an entry of the
specific tag identifier respectively, and among the plu-
rality of second cache lines, searching a specific cache
line, of which the line information indicates valid, con-
tained in the first address, and send way information
identifying the specific way storing the specific cache
line, and

18

receiving the way information identifying the specific way

and direct to flush the specific way among the ways
storing the specific cache line.

10. The flush control method according to claim 9 com-

5 prising:
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calculating the tag identifier based on the predetermined

calculation method in response to storing the cache line
and from the one or more addresses for flushing and
determining whether or not a second tag identifier
matching the calculated tag identifier and of which the
tag information associated with the tag identifier indi-
cating valid are stored in the tag memory unit,

in case the second tag identifier of which the tag informa-

tion indicating valid is not found among the tag identi-
fiers stored in the tag memory unit, selecting a specific
tag identifier on the basis of a predetermined selection
method, and in case the tag information associated with
the specific tag identifier is valid, directing to flush the
cache line associated with the tag possessing the specific
tag identifier, invalidate the line information associated
with the cache line to flush, and storing information
associating the calculated tag identifier and the tag infor-
mation representing being valid at the entry storing the
specific tag identifier in the tag memory unit, at the entry
of the specific tag identifier in the line memory unit and
store information associating the received way and a
value of which the line information is valid in accor-
dance with the predetermined format, and

in case the second tag identifier of which the tag informa-

tion is valid is found, store the received way in the way
associated with the cache line containing the received
address at the entry of the second tag identifier in the line
memory unit and validate the line information associ-
ated with the cache line.

#* #* #* #* #*



